A linked stress release model is proposed for the analysis of spatial interaction of earthquake occurrences through stress transfer within a large area of the Earth's crust. As an example, the model is used for statistical analysis for the Japanese historical earthquakes in central Japan and offshore in the Nankai and Sagami troughs with magnitude M ≥ 6.5 during the period from 1400 to 1997. This area is divided into four smaller regions of roughly comparable size and activity. Based on the Akaike information criterion (AIC), the results demonstrate the existence of coupling between certain of the regions. With the evidence that the crust may lie in a near-critical state, this has implications for the possible triggering of earthquakes at long distances from the origin event. In particular, we find evidence for the dependence of Nankai trough events on the Chubu/Kinki triangle region, whose events are themselves dependent on the the Fossa Magna/Sagami trough. Evidence for the validity of the model includes simulation results indicating that the model had a higher forecast hazard post-1991 for an event in the Chubu/Kinki triangle region than did models not incorporating regional coupling.
Introduction
The elastic rebound theory proposed by Reid (1910) is one of a few classical models for earthquake mechanisms. This model indicates that elastic stress in a seismically active region accumulates due to movement of tectonic plates, and is released when the stress exceeds the strength of the medium. By fixing only strength or residual stress in the model, we obtain the modifications known as time-and slip-predictable models. Although these models have been widely used in long-term prediction, real sequences of large earthquakes are fundamentally more complicated. In particular, the elastic rebound theory suggests that a large earthquake should be followed by a period of quiescence, whereas in reality a strong earthquake can be followed by a period of activation and sometimes another earthquake of comparable magnitude (Gabrielov and Newman, 1994) . Although the stress or strain field within a region can be extracted from various kinds of information, the temporal variations of seismic activity may most directly reflect the nature of earthquakegenerating stress (Zhao et al., 1990) .
Through a development of the stochastic (Markov) model for the occurrence of main-sequence earthquakes suggested by Knopoff (1971) , Vere-Jones (1978) proposed the stress release model, a stochastic version of the elastic rebound theory, incorporating a deterministic build-up of stress within a region and its stochastic release through earthquakes. The stress release model has been applied to the statistical analysis of several historical earthquake catalogs from China, Persia and Japan (Vere-Jones and Deng, 1988; Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. . In particular, it has been used to identify, with the aid of geological information, statistically distinct regions, in the sense that they are best fitted by different stress-release models.
One of the most interesting phenomena observed in the above process is that large events are noticeably often followed by large events quite distant from the first. This seems most plausibly consistent with a view of the events taking place in the Earth's crust as forming part of a tightly linked, near-critical process, exhibiting the self-similarity, long-range correlation and power-law distributions which are characteristic of a physical process in near-critical conditions (Vere-Jones, 1976; Takayasu, 1990; Kagan, 1994) . Many recent studies focusing on non-linear aspects of earthquake dynamics have shown that the Earth's crust may lie in a critically stable state and that earthquakes are consistent with typical self-organized criticality phenomena (see, for example, Bak and Tang, 1989; Ito and Matsuzaki, 1990; Main, 1996) . A recent modification to this view has been the introduction of the accelerated moment release model (Bufe and Varnes, 1993) , in which the crust approaches criticality, resulting in a major event, and the cycle restarting. When observation is limited to major events, the result is strikingly similar to the stress release model. In systems of this sort, one obtains an increase in correlation length as criticality is approached (Sornette and Sammis, 1995) , which argues for the existence of correlation in occurrences of major events over large regions.
It is now understood that there exists a class of models exhibiting self-organized criticality due to competition between local strengthening and weakening through interactions. For example, see the crack propagation model of earthquakes proposed by Chen et al. (1991) . Particularly, in order to obtain a satisfactory power law for the magnitude-frequency distribution of earthquakes (Gutenberg and Richter, 1954) , long-range interaction of elastic stress should be introduced in earthquake triggering models (see Hill et al., 1993) . Shimazaki (1976b) calculated that intraplate events result from a perturbation of the stress level due to interplate events, while the regional tectonic stress is close to crustal strength before interplate events. Kanamori (1972b) observed that tectonic stress changes over relatively large regions following great interplate events. Pollitz and Sacks (1997) note that "The process of adding an additional load to a fault zone due to a nearby earthquake perturbs an ongoing reloading cycle driven by regional stress, moving up or delaying the inevitable rupture". Regional stress itself evolves over centuries, being the result of the cumulative effects of all previous earthquakes and, in long enough time frames, of changes in tectonic loading. On the other hand, the spatio-temporal complexity of seismicity is also closely related to fault zone heterogeneities (Ben-Zion and Rice, 1997) . In this paper, in order to construct a model consistent with the above tenets, we will extend the stress release model to interactions among regions, and apply this new version to the statistical analysis of the latest Japanese historical earthquake catalog for central Japan and the Nankai and Sagami troughs.
It has been observed (Shimazaki, 1976b ) that the spatial variation of intraplate seismicity is correlated with great interplate events. Shimazaki also questioned whether Sagami trough events as well as Nankai trough events might be involved. Kanaori et al. (1993) qualified this correlation further, describing a migration of seismicity along the Median Tectonic Line (MTL) from east to west, followed by an event in the Nankai trough. A microplate model with the object of providing a tectonic framework for coupling among the MTL, adjacent fault systems, and the Nankai trough was introduced by Kanaori et al. (1994) . The object of this paper is similar, although the methodology is statistical in nature, with the specific objective of quantifying the coupling and assessing its significance.
The Model
In the univariate stress release model the key variable, or state, is the stress level in a region, which controls the probability of an earthquake occurring (Vere-Jones and Deng, 1988) . This stress level X (t) increases deterministically between earthquakes and is reduced stochastically as a result of earthquakes. The current value X (t) can be represented in the form
where X (0) is the initial value, ρ is a constant loading rate from external tectonic forces, and S(t) is the accumulated stress release from earthquakes within the region over the period (0, t) , that is, S(t) = t i <t S i , where t i and S i are the origin time and the stress release associated with the ith earthquake. The probability intensity of an earthquake occurrence is controlled by a hazard function (x), with the interpretation that the probability of an event occurring in the time interval (t, t + ) is approximately (X (t)) for small . There are a wide range of possibilities for the function . Obviously, it must be nondecreasing. A constant independent of x would result in a random (Poisson) model of occurrences. Using
produces the time-predictable model (Shimazaki and Nakata, 1980) , supposing a fixed crustal strength x c . An effective compromise Vere-Jones, 1991, 1994) between these extremes of behavior is the form (x) = exp(μ + νx). It also represents the behavior that might be expected from a region with a locally heterogeneous strength. One might also consider that local stress is inhomogeneous (Shimazaki, 1976b) . The stochastic nature of the process with an exponential hazard function is compatible with these sources of "noise". We can interpret the constant μ (or rather the parameter α that replaces it, see below) as effectively a parameter to be fitted for the unknown initial value of stress, while the constant ν is an amalgam of the strength and heterogeneity of the crust in the region. This can also be understood as a form of sensitivity to risk.
On the other hand, the distribution of the stress released in an event is assumed to be independent of the stress level itself. Although there may be a weak dependence, the resulting improvement in fit does not justify its inclusion in the model . A more important factor in the Japanese context seems to be differences in the magnitude distribution by region, particularly between intraplate and interplate events (Kanaori et al., 1991 (Kanaori et al., , 1993 (Kanaori et al., , 1994 . Since the evidence for a Gutenberg-Richter relation for M ≥ 6.4 is unclear (Shimazaki, 1976a) , we shall use the historical empirical distribution for each region when simulating the model forward for forecasting purposes.
The key enabling statistical analysis is that the data in historical earthquake catalogs can be treated as a point process in time-stress space with conditional intensity function
Obviously, X (0) can be absorbed into the other parameters, and so we obtain the form
. Estimates of the parameters can then be found by maximizing the log-likelihood function (see, for example, Daley and Vere-Jones, 1988 ). For comparison, we shall also consider two special cases:
The first of these is the Poisson process (PP), and the second we shall call the Poisson process with trend (PWT).
Note that aftershocks are not considered in the model as the stress, and hence the hazard, is assumed to decrease after an event. Hence the model attempts only to represent main sequence events, and aftershocks must be carefully identified and removed from the data before numerical fitting can begin. Obviously, stress transfer and interaction can not be considered in the simple stress release model, and the earlier analyses concentrated on dealing with regional differences.
According to simulation results obtained from certain mechanical models, the elastic stress in a system as a whole will be changed, and a long-range redistribution of stress occurs, after an event (fracture or slip) (Lu et al., 1998; Shi et al., 1998) . A similar phenomenon is encountered in the analysis of real earthquake catalogs, where a region has interactions with neighboring regions. In particular, Zheng and Vere-Jones (1994) noted some hints of clustering which relate particularly to some form of action at a distance, i.e., stress transfer and interaction. This motivates a modification of the stress release model as follows. The evolution of stress X i (t) in the ith region can be rewritten as
where S ( j) (t) is the accumulated stress release in region j over the period (0, t), and the coefficient θ i j measures the fixed proportion of stress drop, initiated in region j, which is transferred to region i. Here, θ i j may be positive or negative, resulting in damping or excitation respectively. It is convenient, in ignoring aftershocks, to set θ ii = 1 for all i. The new version we shall call a linked (or coupled) stress release model. If θ i j = 0 for all i = j, the model is reduced to an independent combination of simple forms as in (1). Imoto et al. (1999) introduce a time delay into the transfer, in order to produce periodic type behavior.
The value of stress released during an earthquake can be estimated from the magnitude. Kanamori and Anderson (1975) show that the magnitude M is proportional to the logarithm of the seismic energy E released during an earthquake according to the relation M = 2 3 log 10 E + const. For simplicity, the stress drop during an earthquake is supposed proportional to the square root of the released energy, i.e., S ∝ E 1/2 . Then, we have the formula
where M 0 is the normalized magnitude. For the subsequent analysis we shall use M 0 = 5.0, but the substance of the results are not sensitive to the actual choice. We shall assume each region to have an exponential risk function, with differing parameters indicating different tectonic properties by region. In other words, the strength (earthquake triggering condition) and tectonic loading rate can differ in each seismic region. Thus we obtain a point process conditional intensity function
for each region i, where
and θ i j are the parameters to be fitted. We choose to parameterize the intensity in this form because it is more amenable to physical intuition. The seemingly excess parameters are in response to fixing θ ii = 1 for all i. A simpler parameterization can be recovered by setting
Estimates of the parameters are found by numerically maximizing the log-likelihood
where the interval (T 1 , T 2 ) contains events at times
Data and Zoning
In the earlier analysis by Zheng and Vere-Jones (1994) , the Japanese data appear the most complex and most difficult to explain of the three cases (China, Persia and Japan) considered. Generally speaking, as an active island arc structure, Japan seems unlikely to consist of a few relatively welldefined seismic components, but rather of a closely interacting, highly fragmented ensemble within which a few larger units are embedded (Mogi, 1985) . The identification of appropriate regions, which have to satisfy both geophysical and statistical requirements, is not in any case trivial, and the regions provided in the following analysis are not claimed to be optimal.
One way that might be used to define regions is by the application of some clustering algorithm, with boundaries drawn equidistant between neighboring clusters. This should recognize implicitly the geophysical structure of the regions, subject to the completeness of the data. An additional consideration is that regions must include sufficient observations to allow the numerical parameter fitting procedure to converge. In this paper we shall attempt to use known tectonic features as the basis of the regions, in order to investigate possible coupling between these features. We should note that, as most events occur along fault lines and other tectonic features, these features must form the interior of such regions as are investigated, rather than performing the perhaps more natural role of region boundaries. Ideally the region boundaries should pass through areas of low seismicity.
The zoning arrived at is shown in Fig. 1 . The regions are 1) the western and central parts of the Median Tectonic Line (WMTL), 2) the Chubu/Kinki triangle region (CKT) of central Japan (see, for example, Kanaori et al., 1993) , 3) the subduction zone of the Nankai trough (NT), extending north to the "hinge line" (Shimazaki, 1976b) , and 4) the Fossa Magna (Oike and Huzita, 1988) and Sagami trough (FMST). Various authors (Kanamori, 1972a; Shimazaki, 1976b; Kanaori et al., 1993 Kanaori et al., , 1994 Pollitz and Sacks, 1997) have argued for the existence of coupling between regions 1, 2 and 3. This zoning will hopefully enable us to investigate the coupling in a quantitative fashion. Region 4 is included in order to consider its relation to this coupling. Generally, events are assigned to the zone whose defining geophysical feature is nearest to the epicenter. A few of the events in Fig. 1 may seem oddly classified, but the results do not seem to be unduly sensitive to single, small events.
A problem related to zoning is the completeness and reliability of historical records. Shimazaki (1976b) states that the catalog is probably incomplete prior to 1873, and further it is likely that progressively more earthquakes are missing the further one goes back in time. This must be subsumed in the estimated parameters of the models but the resultant trend will tend to overestimate hazard in simulated forecasts. The best historical records are probably those for the inner and outer seismic belts of central Japan, along with the great offshore events centered on the Nankai and Sagami troughs. We shall make a possibly arbitrary decision to use data from 1585-1997 (although some earlier events going back to 1400 are also used to help determine the initial stress levels) for events with magnitude M ≥ 6.5. This corresponds to events whose rupture length exceeds the width of the seismogenic crust (Kanaori, et al., 1993) since, in practice, historical earthquake magnitudes are usually rounded to the nearest 0.5. The date cutoff enables us to avoid computational complications connected with the absence of events in central Japan 888-1585, which may be a form of seismic quiescence (Kanaori et al., 1992) . Thus in (5), t = 0 corresponds to 1400, and so T 1 = 1585 − 1400 = 185, T 2 = 1997 − 1400 = 597. Aftershocks were deleted from the catalog using the spacetime window criteria suggested by Gardner and Knopoff (1974) , although a satisfactory definition of such a scheme is difficult (Utsu et al., 1995) . Fortunately, aftershocks are not present in large numbers due to the magnitude cut-off of M ≥ 6.5. The resulting data set is provided in Table 1 .
Fitting
In considering whether parameters differ significantly by region, and depending on the degree of interaction, we have a number of possible models. The choice of the best model in the sense of justified parameters will be based on the Akaike information criterion (AIC), which is defined as AIC = −2 logL + 2k, where logL is the maximum log-likelihood for a given model and k is the number of parameters to be fitted in the model (Akaike, 1977) . This represents a rough way of compensating for the effect of adding parameters, and is a useful heuristic measure of the relative effectiveness of different models, in avoiding overfitting. For example, the simple stress release model (2) with three parameters as against the Poisson process with only one (α) or the Poisson with exponential trend with two (α, β = ρν) must demonstrate a significantly better fit to justify the additional parameters. Using different combinations of the parameters in (4), we can examine different stress interaction mechanisms. If we suppose, for example, that θ i j = 0, we are allowing the events in region j to influence those in region i. If we systematically test the various families of interactions, the best model is that with the smallest AIC value. A difference of 2 in AIC is usually considered significant. However, we should note that the AIC values obtained here should be used with some caution, since the amount of historical earthquake data is not very large and the distribution of the log-likelihood is nonstandard.
We must first, before considering the possibility of coupling, determine the best possible model for the regions acting independently. Only if the coupled model, adjusting for its additional parameters through the medium of the AIC, is a significantly better fit, can we claim to have a significant degree of coupling. To begin the analysis, the three basic models: Poisson, Poisson with exponential trend, and simple stress release model, are applied to each region. If there is insufficient evidence in the way of AIC values to support the additional parameters of the PWT and SRM, the simpler model will be used for that region. The baseline model will be an independent product of the best region models.
Considering the apparent deficiency of events prior to 1585, models were fitted by numerically optimising the likelihood over the interval 1585-1997, but known events from 1400 to 1584 were included in the point-process histories. Note that because of the nature of the stress release model, we followed Seno (1979) in treating the Ansei twin events (32 hours apart) as a single event. This accords with our object of forecasting risk over a period of decades. With regions as given in Fig. 1 , the results are set out in Table 2 . It is easy to see that the stress release model is better (has smaller AIC) than the Poisson process in regions 1 and 4, and better than the Poisson with trend except in region 2. Thus, if we treat the regions separately, fitting regions 1 and 4 by the stress release model, region 2 by the Poisson with trend, and region 3 by the Poisson process, we obtain our baseline model, on which we shall seek to improve. This baseline model has AIC = 575.53. Note that an aggregation of four independent simple stress release models, which we shall use below, has a combined AIC = 578.39, with 6 additional parameters.
The first question is whether there is any justification to allow ρ i , the tectonic input rate, to differ by region. To test this, a model of four independent stress release processes, with ρ i = ρ, for all i (one free parameter for tectonic input) was fitted. This produced an AIC of 577.59, less than the AIC of 578.39 resulting from the extra free parameters. Hence we conclude that, in the stress release setup, there is insufficient evidence to support variations in ρ i . All subsequent fitted models will have ρ i = ρ, a common value. Due to the complicated makeup of the area, with each region being an ensemble of many closely interacting fragments, it is obvious that loading would be a complex aggregation of many elements. Also, loading imbalances could be equalized on a scale below that of the large events considered in the study, or through aseismic slip (Mogi, 1985) . Thus a constant loading rate could best explain the portion of the tectonic loading that acts to produce large earthquakes.
We can now consider the possible inter-regional interactions. We have already considered the case of independent stress release processes (the zero-range model). If we allow all possible interactions, then we have a long range model, while if we do not allow direct interactions between regions 1 and 4, we obtain a short range model. As we see in Table 3 , neither of these improves on the results from the baseline model (or indeed the zero-range model). Since region 4 is not usually considered in studies of this area, we next treat it as an independent stress release process, and allow all interactions among the remaining regions. As we can see from the resultant increase in the AIC, it appears that there is a significant degree of interaction between region 4 and the remaining regions. However, when region 1 was subjected to the same test, we obtained a very significant decrease in AIC, leading us to conclude that there is insufficient evidence linking events in region 1 with events in the remaining regions. Removing these interactions leaves us with a transfer matrix of the form
With at most 6 free parameters, there are 2 6 = 64 possible models. Fitting all of these, we obtained our best model, as shown in Table 4 , with an AIC = 565.78 with 12 parameters. Although this may seem a large number of parameters, it should be recalled that additional parameters must justify themselves statistically. As an analogy, one could think of a spring-block model, with springs linking every pair of blocks, and with springs connected between each block and a driving plate (see, for example, Rundle et al., 1995) . If each block has a random initial displacement, and the spring constants are allowed to vary, the number of parameters is comparable. Here we have only four types of parameter, but we estimate each value separately, provided that the differences are shown to be significant. The model indicates that events in region 4 transfer stress to both regions 2 and 3, while events in region 2 transfer stress to region 4. Thus, events in region 2 may encourage events in region 3, via the intermediacy of events in region 4.
Of the remaining 63 models, the AIC values divide them into two groups. The first group have AIC within 5 or so of the best model (often but little inferior), while the AIC values of the second group are greater than those of all of the first group. The first group is distinguished by having interactions that allow the transfer of stress between region 2 and region 4, in accordance with the observations of Oike and Huzita (1988) , and from region 2 to region 3 (it can be a two-step transfer via region 4). In other words θ 42 = 0, θ 24 = 0 and at least one of θ 32 and θ 34 is nonzero. Table 2 , respectively, while the bottom graph is the time of the next event in region 2 from the model in Table 4 . The vertical dashed lines show various quantiles of the simulated times.
Results and Discussion
Since the model in Table 4 with AIC = 565.78 is far better than the baseline model with AIC = 575.53, there is evidence to suggest long-range interaction of elastic stress between different regions. Since the off-diagonal elements of are negative, this indicates that events, while reducing the stress in their own region, increase the stress elsewhere. Note that stress is not conserved. This transferred stress increases the hazard in the receiving region, and hence earthquakes may trigger, in a stochastic sense, further earthquakes in quite distant regions. In particular, there seems to be evidence that events in region 3 are partly due to events in region 4 (and those in region 2). The events in region 1, on the other hand, seem neither to trigger, nor to be triggered by, events elsewhere.
The calculated conditional intensities using the fitted parameters from the best linked stress release model are shown in Fig. 2 . They clearly show how the interactions between the regions increase the likelihood of events being triggered.
To further demonstrate the effect, and test the validity of the model, we can take the catalog from 1400 to 1991, and repeatedly simulate (Wang et al., 1991 ) the best model for- ward to forecast the time of the next large event, and the time of the next large event in region 2. This can be compared with models for region 2 independently. Over long periods, an information gain can be calculated (Vere-Jones, 1998), but here because of the paucity of data we shall restrict ourselves to considering only the next event. The actual next event was the Kobe earthquake (17 Jan, 1995) in region 2. The parameters of the simulated models will, of course, differ slightly from those in Tables 2 and 4 as they will not be fitted to the Kobe event. The results are shown in Fig. 3 . We see that the best linked model enhances the likelihood, as measured by the tail probabilities shown, of an earlier event in region 2. This is because it is able to use the large number of recent events in region 4 directly through the parameter θ 24 (< 0, indicating an excitation effect). The same effect can be seen in Fig. 2 . Although the result is not a strong one, it does indicate that the model is proceeding in the right direction. In order to further enhance forecasting, it needs to take into account aftershocks, thus increasing the amount of useable data. Figure 4 shows the corresponding forecast for all regions using the model in Table 4 . Ando (1975) identifies a Phillipines sea loading cycle of 180 years. In a point process model with intensity λ(t), the mean number of events in the period [0, t] is μ(t) = t 0 λ(s)dt. If we restart after an event, the length of the reloading cycle can be identified as t, such that μ(t) = 1, in which only the tectonic loading part of the intensity is considered. We find that μ(t) = e α i ν i ρ i e ν i ρ i t − 1 which yields t = 80 years using the parameters from Table 2 . The discrepancy is explained by including smaller events in our study. Pollitz and Sacks (1997) claim a typical time scale for significant post seismic effects in Japan to be 30-50 years, and that post-seismic effects are dominant over reloading effects for the first 1/4-1/3 of the reloading cycle. We find from (3) and Table 4 that a magnitude 7.5 event in region 4 will transfer an amount of stress θ 34 × 10 0.75(7.5−5.0) to region 3. This is equivalent to 72 years of tectonic input, or 0.4 of the reloading cycle, whereas a magnitude 7.0 event is equivalent to 18 years of tectonic input. Shimazaki (1976b) calculated that the stress reloaded by intraplate events increases at a slow rate. The different values of the common ρ for the linked model, and that of the zerorange model (2.975) indicate that some 44% of the initiating stress is derived from transfer, the remainder from tectonic input. Kanaori et al. (1993) note that events in the Chubu/Kinki triangle region are followed coevaly or slightly afterward by events on the MTL, and then some 30 years or less later by an event in the Nankai trough. The first assertion appears to be a statistical artifact, and the second is hard to test, since we have 16 events in region 3, or an average of one every 26 years. However, when contrasted with the claim of Thatcher (1984) that the events along the MTL are triggered by Nankai trough events, our results, in particular the direction of stress transfer, certainly support the views in Kanaori et al. (1993) . Kanaori et al. (1993) also claim that the MTL is subject to aseismic slip, which the independence result for region 1 does not contradict.
Conclusions
We have proposed a linked stress release model, incorporating stress transfer and spatial interaction. This model fits the Japanese data better than a collection of independent simple models. The results provide a possible hint that the crust may lie in a near-critical state due to a long-range interaction of elastic stress, and provide a paradigm whereby spatio-temporal complexity of seismicity is related to both the dynamics and heterogeneities in a region. An earthquake could trigger (within a period of a few years) another in a quite distant region. The fitted parameters provide statistical evidence, with some quantification, for proposed couplings between tectonic regions. Using the fitted parameters and following the general lines for the simulation of point processes presented by Ogata (1981), we can forecast the longterm risk in a region: A post-1991 example resulted in an enhanced hazard level in region 2, corresponding to the 1995 Kobe event.
